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PLASMA DEPOSITION OF SILICON
CARBIDE THIN FILMS

ABSTRACT
ow

This report summarizes the work performed on a three year

program to obtain an understanding of deposition processes of thin films

from plasmas. Deposition plasmas of methane and of methane-hydrogen and

methane-silane mixtures were characterized via electrical, optical, and

mass spectroscopic measurements. Surface chemical studies of the

fundamental surface reactions were performed, and a model was

constructed which takes into account both gas phase and the surface

processes leading to deposition. The properties of the deposited films %

were related to the plasma conditions associated with their deposition,

and new interpretations of the characterization data were obtained based

on the dual phase nature of the films. Advances in process modeling and

surface chemical techniques were achieved on this program, in addition

to the knowledge that was gained about the specific plasma deposition

processes that were studied.
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1. INTRODUCTION
,. .. '.

The objective of this program was to understand the fundamental

processes for deposition of thin films from plasmas in order to control

the properties of the films through process control. It consisted of

three thrusts:

a. Experimental characterization and modeling of deposition plasmas,

b. Characterization of deposited films and relation of the film

properties to the plasma conditions,__

c. Investigation of surface chemistry of elementary deposition

processes.

Plasma deposition of thin films, and characterization of the plasmas

were carried out at the Westinghouse R&D Center. Dr. L. E. Kline of the

R&D Center collaborated in these investigations by developing a plasma

model on a corporate-funded program and applying the model to deposition

plasmas. Characterization of the films was mostly carried out at the

R&D Center, with some assistance from the Physics Optics Laboratory at

the University of Pittsburgh. The surface chemistry investigations were

performed in the Surface Science Center in the Department of Chemistry

at the University of Pittsburgh. Central program management and

coordination of the different tasks was provided by the Westinghouse R&D

Center.
' . ..
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2. SUMMARY AND CONCLUSIONS

We designed and carried out plasma characterization and

deposition experiments that provided data which was sufficient to define

the conditions of the plasmas, compositions and ion species and

energies, that have important impact on the properties of the films.

The experiments were performed on a research reactor that had been

upgraded to facilitate the extensive characterization. It permitted

deposition of films under different conditions in the same plasma, and

on different substrates under the same plasma conditions. The plasma

modeling gave us insight into the physical and chemical processes

leading to thin film deposition.

Most of the experiments and modeling were done on the deposition

of hydrogenated carbon films from methane, because of the excellent

dissociation and chemical reaction data available for this widely used

combustion gas. Less extensive studies were carried out on methane-

hydrogen mixtures, and on mixtures of methane and silane used for the

deposition of amorphous silicon carbide. We arrived at a consistent

model of methane plasmas which permitted us to establish the most likely

chemical reaction paths and surface processes involved in deposition,

and to estimate the sticking coefficients of key species. This work

provided understanding of important process issues such as how to

achieve uniformity of deposition, and how to avoid gas phase nucleation.

The modeling of gas mixtures pointed out important process issues

uniquely associated with how mixtures affect process control. i

Deposited films were characterized by several optical

techniques: spectrophotometry over the UV, visible, and near infrared

regions, Fourier transform spectroscopy in the far infrared, and Raman

spectroscopy. Transmission electron microscopic measurements were also

made. We determined from these measurements that dual phase carbon

'NS
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films containing microcrystals in an amorphous matrix were obtained

under conditions of high ion bombardment. These hard, stable materials

contrast with amorphous films produced under low ion bombardment which

react with the atmosphere to acquire carbonyl and hydroxyl features in

their infrared spectrum. We found that the infrared feature near

2g3Ocm-1 appears in both types of films, is probably associated with the

amorphous component of the films.

The surface studies attacked the most basic aspects of

deposition processes: fundamental chemical reactions of adsorbed

hydrocarbon species with silicon surfaces. At the outset of the

program, very little work had been done in this area, so the research

methods had to be developed. The subsequent study determined that the

C=C bond reacts with dangling bonds on the surface, and that these

reactions can be controlled by techniques in which the surface is

bombarded with ions or electrons, or passivated with atomic hydrogen.

The surface studies also provided guidance to the modeling effort in

establishing likely surface deposition processes and estimating the

sticking coefficients of the important species.

The impact of the program as a whole has been multifold,

including the following items:

a. advancing the techniques for process control and modeling,

specifically for deposition processes, but also for plasma

processes in general,
b. development of techniques for studying surface reactions,

c. development of a working plasma model that can be used for many

other applications,

d. advancing the knowledge of the structure of amorphous and

microcrystalline carbon films, and how their properties are

controlled by the plasma conditions,

e. advancing the knowledge of the chemistry of organic species on

surfaces,

f. advancing the capabilities of the university laboratories and of

the students involved in the program,

g. cementing an effective industrial-university relationship.

Sa
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Numerous publications have resulted from this program, including journal

articles, conference proceedings, invited talks, and contributed

conference papers. These are listed in references 1 through 13. We are

currently preparing two more manuscripts for publication based on this

work.

The following sections of this report discuss the technical

output of this program in detail. It is presented in a different

perspective than the technical papers that report the work. Emphasis is

placed on explaining to the reader the insights on how the measurements

were made, what we were trying to find out, and how the experiments

compare to the models from an overview perspective. This is done in an

effort to convey the current status of understanding of this research.

The reader is referred to the publications for more details and

documentation of the different components of the program.

4
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3. EXPERIMENTS AND MODELING OF PLASMAS

3.1. Introduction

The objectives of the characterization and modeling of the

plasmas are explained with the aid of Fig. 3.1. By gaining an

understanding of the physical and chemical processes in the plasma, we

can relate the process characteristics to the actual processes (shown in

the box of Fig.3.1) rather than to the process control variables (shown

on the left) as is done in conventional parametric studies. This basic

approach is particularly effective in advancing the technology in the

future through the work of others, as well as ourselves, via the deeper

understanding obtained. In the case of plasma processing, this approach

is especially important because of the severe difficulty of transferring

results from one plasma reactor to another, e.g. in process scale-up.

Since the operating conditions of reactors vary widely, and common

parameters are often not available, it is important to understand

exactly which conditions need to be created in the reactor. In the

following subsections we will describe the experimental apparatus and

techniques, and then the plasma model. This will be followed by a

discussion of the results that we obtained for methane, methane-hydrogen

mixtures, and methane-silane mixtures.

3.2 Experimental Measurements: CH4 Plasmas4
The deposition apparatus was designed to provide the information

that is crucial to defining the deposition conditions adequately to I
permit modeling of the electron dissociation and chemical kinetics of

the process, namely:
a) gas pressure,
b) reactant gas flow rates, hence velocity, residence time,

c) product gas composition,

71
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d) deposition rates,

e) RF plasma excitation voltage, current, power,

f) electrode bias voltages,

g) electric field variation between electrodes,

h) electrode temperature.

The system, designed around 4" Pyrex pipe vacuum components, is shown

schematically in Fig. 3.2. Several interchangeable electrodes were

provided. The upper electrode shown in Fig. 3.2 has a floating probe

diagnostic consisting of a 1 cm. disc extending into the plasma. It is

used to measure the floating probe potential that can be used to

estimate the plasma potential. The lower (coaxial) electrode is

designed for achieving high electrode bias which results in high energy

ion bombardment of the sample during film growth. Electrode bias values

depend on geometry, power, pressure, and gas composition, generally

increasing when electron losses at the electrode are increased by

increasing power, reducing pressure, or reducing the area of the

electrode relative to grounded surfaces in the reactor. Fig. 3.3 shows

an example of the dependence of the self bias potential of the RF-

powered coaxial electrode on excitation power, along with the peak-to-

peak applied voltage and the floating probe potential. The negative

bias is nearly one half of the peak-to-peak excitation voltage, so the

plasma characteristics approach those of a diode, having 100% effective

asymmetry. The floating probe potential is 10-20? below the plasma

potential 14, so grounded surfaces in the plasma are at potentials of

only several tens of volts from the plasma. We took advantage of this A

asymmetry to produce thin film samples under different conditions within

the same plasma, and also on different types of substrates. A set of

deposition electrodes built to achieve this is shown in Fig. 3.4. Both

silicon and fused silica substrates were mounted on the coaxial lower

electrode and the grounded upper electrode , providing samples with high

and low energy ion bombardment respectively from the same plasma. The

fused silica substrates are used for UV, visible, and near infrared

spectrophotometric characterization of the films, and the silicon wafer

substrates are suitable for infrared and Raman characterization.

% % %.%
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Measurements of product gas compositions are crucial for

understanding and controlling the process chemistry, and for testing the

chemical models. Compositions were estimated from mass spectrometric

measurements of the exhaust gases taken with the differentially pumped

sampling system that is shown in Fig. 3.2 about 0.6 m downstream from

the plasma. Most of the reactive species have recombined by the time

the gases reach the sampling unit, so comparisons of the mass spectra to

those of stable pure gases are relevant. We used such comparisons to

estimate the partial pressures of CH4  C H, C H, C HRH, and C H10
Fig. 3.5 shows an example of raw data from the mass sampler for CRH at a

4-

constant flow rate for several values of excitation power. With no
plasma power applied, the CR 4 cracking pattern is seen in the vicinity

of mass 16 along with false lines of COu(28) and COU2 '(44) that 'Are

associated with the materials in the quadrupole mass spectrometer head.

H,~~ H adCHfagments produced by the ionizer in the mass
spectrometer are also seen. The lower traces show the spectra for two

levels of plasma excitation power, with the production of increasing

amounts of higher hydrocarbons at higher powers. We were able to

*resolve the group near mass 28 into its C2 H4 and C 2 H components based

on calibrations with pure gases. The hydrocarbons with three or more

carbon atoms were not resolvable, so we chose a mass line to represent

each carbon multiple group, such as C HXf and calibrated against an
available stable member of the group such as C H* Plots, thus

* obtained, of the species densities in the downstream gases versus

excitation power and flow rate are shown in Figs. 3.6 and 3.7. In Fig.

* 3.6 the decrease of CH reactant and increase of dissociation products4
is seen to increase with excitation power. Fig. 3.7 shows that for

higher flow rates, with less specific energy (joules/molecule), lower

densities of product species are seen. Substrates were weighed before -

and after deposition to determine deposition fluxes. This is mainly a

measure of the carbon deposition flux since the carbon atom is 12 times

as heavy as the hydrogen atom. Deposition fluxes correlated with

electrode bias, as shown in Fig. 3.8. Higher deposition fluxes are seen

7
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on the higher biased electrode, and fluxes increase at higher powers as

do biases. A fairly weak dependence of deposition flux on flow rate is

seen, as illustrated by Fig. 3.9. We found the deposition fluxes to be

uniform over the 5 cm silicon wafers to within about 5%, indicating that

variation of deposition rate along the flow lines of the plasma was less

than 10%.

The mass spectroscopic and deposition rate data were combined to

determine the total mass transport of carbon in the reactor, as shown in

Fig. 3.10. At high flow rates, carbon input was found to be equal to

carbon output within experimental error. At low flow rates, all of the

carbon entering the reactor could not be accounted for in the deposited '

films and the product gases. We suspect that this is due to nucleation

of particles directly from the gas phase, which is known to occur at 1%0

high specific energy excitation. 15 Thus, the mass transport data gives

us a technique for determining regions of operation where this (usually

undesirable) volumetric nucleation occurs. It also provides input to

the model about the net fluxes of the species to the surface,

information which is especially needed since there is very little data

f or estimating such processes a priori.

Electrical measurements, especially of the excitation power, are

necessary for characterizing the plasma. These are not trivial

measurements at the frequencies used to operate the plasmas, typically V

1MHz or higher. Plasma excitation power supplies normally are equipped

with directional power meters that operate in the 50 ohm transmission

line between the RF generator and the impedance matching network (see

Fig. 3.2). Unfortunately, power dissipated in the matching network is

measured by these meters, along with the power delivered to the plasma.

The former can be a significant fraction of the total power. We-.

therefore made direct measurements of the voltage and current waveforms

of the plasma and integrated their product with a Tektronix Model 7854

sampling oscilloscope which performs the calculation on line. An

oscillogram of the voltage, current, and product waveforms thus obtained

is shown in Fig. 3.11. These waveforms are also needed for modeling the

time and space dependences of the electron dissociation processes.
'JI
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modeling the time and space dependences of the electron dissociation

processes.

We made optical spectroscopic measurements of the visible atomic

hydrogen emission lines (Balmer series) and of the emission bands of the

CH radical. Absolute radiometric measurements served as an independent

check of the electron kinetics model, particularly, the branching of the

CHR4 dissociation into H and CH respectively. We also measured the

spatial variation of the plasma luminosity from one electrode to the

other with a traversing radiometer which imaged a slice of the plasma on

a slit-masked detector. An example is shown in Fig. 3.12. The sharp

feature shown at the powered electrode, position: 30 mm, is associated

with the surface of the electrode. The broader feature extending to the

grounded electrode at 10 mm results from the volumetric dissociation of

CH4  and can be compared to the spatial predictions of the model.
4-

3.3 Modeling of CHR4 Plasmas

Plasma modeling was done as a collaborative effort by L. E.

Kline of the Westinghouse R&D Center and was supported by Westinghouse

corporate funding, but we will describe it briefly here since it was so

closely coupled to the experiments, and provided guidance and feedback

to the experimental plasma measurements.

The model couples a Monte Carlo simulation ()MWS) of the electron

* kinetics of the RF discharge to a plug flow model of the gas phase

chemical kinetics in a plasma reactor. The MCS follows the trajectories

of 1000 to 2000 electrons as they are accelerated by the local electric

field and scattered, losing energy, in elastic and inelastic collisions.

The electric field variation in time and space was simulated according

to the diagram shown in Fig. 3.13, where it varies sinusiodally at all

positions. This is based on the spectroscopic measurements made by

ourselves and others. 16A plug flow rate equation model is used to

predict the densities of CR4 and the intermediate and product species as .

a function of position measured in the flow direction. The species

densities are averaged in the direction perpendicular to the gas flow.

% 
%
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The net rates of diffusion to the electrodes including the effect of

ref lection and sticking of species at the electrode surfaces are N

estimated by using a formulation developed by Chantry. 17  The resulting

set of coupled ordinary differential equations for species densities

versus position is solved using the Gear stiff equation solver. 
18  

-

Electron impact, neutral-neutral, ion-molecule, and surface reactions

were included in the rate equations, and are listed in one of our

publications. 9Homogeneous reaction rate coefficients for neutral

species were obtained mainly from a recent critical compilation by Tsang

and Hampton et. al. of the NBS.~ Ion neutral rate coefficients are

from a review by Albritton et. al.2 Since there is no quantitative

data for surface reactions, probable reactions were assumed and sticking

coefficients were varied to fit the experimental mass transfer data.

Guidance for the assumptions was obtained from the data and the

experience of our surface science coworkers at the University of

Pittsburgh. By requiring the predicted deposition to be uniform along

the flow lines over a wide range of flow values as was observed

experimentally, and adjusting sticking coefficients to provide the

measured deposition rates, sufficient boundary conditions were available

to fully define the surface deposition kinetics.

The model thus obtained predicts the downstream species

densities versus gas residence time that are shown for CH4 operated at

15 watts in Fig. 3.14 along with the experimental values for the stable

product species. These dependences are depicted realistically. The

dominant kinetic pathways for this case that lead to film growth and

downstream species are represented in Fig. 3.15 out of a total of 44

reatinsused in the model). It is seen that CHi is the dominant
reactins3

deposition precursor in this example, having a sticking coefficient of

0.03. The veyreactive species CH2 and CHi do not appear in Fig. 3.15

even though their production rates are significant. The predicted

densities of these species are small because CH 2 is quickly converted to W

CHi in reactions with H atoms, and CH produces C2H5 by reacting even more

rapidly with CH. Even with sticking coefficients of unity, no

significant deposition would result from these species.

to.

10 4
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3.5 Results: CH 4-H2 Mixtures

A series of samples were deposited in mixtures of CH4 and H2 to

determine the effects of the addition of H2 on both the plasma and the

deposited films. These experiments are of interest for several reasons.

Firstly, for comparison to pure methane plasmas. The effect of adding

H2 on the CH4 -H2 ratios in the plasma, as shown in Fig. 3.16, is similar

to lowering the flow rate in CH4 plasmas, shown in Fig. 3.7. Also,

recent work in the deposition of carbon in the diamond phase at high

temperatures 21,22 in large excesses of hydrogen, and some reports

indicating that there may be some benefits at low temperatures 23 '24 as

well, led us to investigate these mixtures.

Using the same electrode configuration that we used for CH4

deposition experiments, we deposited thin films in mixtures ranging from

1% to 100% CH4 in H2. Deposition rates at constant power of 15W are

shown in Fig. 3.17 as determined by weighing the substrates before and

after deposition. For high CH4 fractions, higher deposition rates are

seen on the lower, more highly biased electrode, but for low CH4

fractions the situation reverses and in fact the deposition rate becomes

negative. The substrate has been etched on the highly bombarded, lower

electrode and not on the weakly bombarded, upper electrode, where the

deposition rate has remained positive and is independent of CH4
concentration. At these low CH concentrations, deposition on the upper

4
electrode is probably due to chemical vapor transport of silicon from

the lower electrode.

Another observation that we made on the mixtures has a major

influence on the properties of the films. The self bias voltage

increases as H2 is added to the CH4, then decreases again at very low

CH concentrations, as shown in Fig. 3.18. Again, a corresponding
4similarity is seen in the bias voltage of CH4 plasmas at low flow rates,

where increased bias voltages are also measured.

11
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3.6 Results: CH4-SiH4 Mixtures

Data were taken on plasmas consisting of mixtures of 10% SiH4 in

CH4 for the deposition of amorphous silicon carbide, and the plasma

modeling calculations were performed on the electron dissociation and

chemical kinetics. Deposition rate data showed a behavior similar to

methane, in that higher deposition rates were obtained on the biased

electrode than on the grounded one, as illustrated in Fig. 3.19. The

flow dependence was markedly different. Deposition rate increases were

seen at low flow rates, compared to the CH4 case where deposition rates

were nearly independent of flow rate, as shown in Fig. 3.9. Gas species

calibrations were performed the same way as for the CH4 plasmas.

Reactions and rate coefficients for SiH4 were added to the model, and a

comparison of the predictions of the model to the experimental

measurements is shown in Figs. 3.20 for hydrocarbon species. CRHX

species have about the same densities as were found in CH4 plasmas, but

C3 HX species are much lower, indicating that it may be depleted in

forming SiCH species that we observe. Silicon containing species,
x ' %

shown in Fig. 3.21, show considerably more depletioui at long residence

times than the hydrocarbons. The SiH 4 fragments dc, not have a

significant back reaction analogous to CH 4+ and CH3 in methane plasmas,

which react to replenish CH4. Three sets of theoretical curv-s are

shown in this figure. They were obtained using three values of the

reaction coefficient for the H + SiH4 reaction, a significant factor in

depleting SiH4. The larger value provides better predictions of SiH 4

densities, while the smaller value predicts Si2Hx densties better. We

have some doubts about the accuracy of our extrapolations of the rate

coefficients, measured at high pressures, to the low pressure conditions

of our experiments. The model does however, provide realistic

qualitative predictions of the trends and of the high SiH 4 depletion at
long gas residence times.

12
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4. FILM CHARACTERIZATION

We characterized the optical properties of deposited films with

UY-visible spectrophotometric measurements, Fourier transform infrared

absorption measurements, and transmission electron microscopy. We

investigated the dependence of film properties on plasma power, gas

composition, and pressure. Most measurements were made on the

hydrogenated carbon films produced in methane plasmas, but also films

produced in methane-hydrogen gas mixtures were investigated.

4.1 UV-Visible Spectrophotometry

The optical band gap and the refractive index were determined

from spectrophotometric measurements of the optical density of films

deposited on clear fused silica substrates. Refractive index, n, and

film thickness, t, were determined from the interference maxima and

minima of the spectra measured in the near infrared, and the absorption
25

- coefficient thus determined was fitted to the Tauc relation to

determine the optical gap. The raw data for a carbon film deposited

from a methane plasma is shown in Fig. 4.1 plotted with two ordinate

-" scales. The film is clear in the visible and near infrared, with an

* absorption edge in the near U. The refractive index, n, of the film is

determined from the maximum value of the interference undulations, and

the optical thickness, nt, is determined from the locations of the

26peaks assuming n to be constant over the range fitted. This is a very

good approximation. Using the thickness thus obtained, the absorption

constant, a, was fitted to the Tauc relation as shown in Fig. 4.2. A

good straight line fit is observed for high values of SQRT(a*E), with a

significant departure at low values due to tailing of the band states.

The extrapolation of the straight region of the curve is used to

t 1
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estimate the optical gap, which is seen to be about 2 eV for this

The optical gaps thus determined were compared for films

deposited from the plasmas. Figure 4.3 shows the Tauc plots for two

cabnfilms deposited from the same plasma, but from the two different

electrodes, which have different ion bombardment conditions as we

discussed in Section 3. The sample from the powered electrode with a

bias potential of 400Y, and comparable ion energies, has an optical gap

of about 0.8eV, whereas the sample from the grounded electrode,

subjected to only low energy ions, has a gap of about 2eV. This

dependence of optical gap on electrode bias has been reported by earlier
27workers. Low gap values in the 1eV range are associated with so-

called "hard carbon", with desirable hardness and chemical inertness

that makes them useful for protective and tribological coatings. The

higher gap materials are softer and, as we shall see later, react with

the atmosphere to form hydrates and carbonyls. Figure 4.4 shows similar

Tauc plots for films deposited at a lower power for the same gas

pressure, where the bias voltage is lower. We see higher optical gaps

f or films deposited on both electrodes, reflecting the lower plasma

potential as well as a lower self bias voltage for the powered

electrode. A similar effect is seen in Fig. 4.5, where lower bias

voltage and plasma potential have been achieved by increasing the gas v
pressure to 1 torr. Figure 4.6 shows the Tauc plots for films deposited

in mixtures of methane and hydrogen at constant power and pressure.

Decrease in optical gap is seen f or lower concentrations of methane in

hydrogen. This correlates with the increasing plasma voltages with

reduced methane concentration. Consistently, all changes of plasma

parameters influence the film properties via their influence on the
,A

plasma voltage and bias potential.

Refractive index values of the films also reflect the ion

bombardment associated with the deposition conditions. Carbon films

produced on the highly biased electrode, e.g. 350V, typically have 1

refractive index values of 1.9-2, while films produced at lower biasesZ

14
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and on the grounded electrode have refractive index values as low as

1.55.

4.2 Infrared Spectra

The infrared spectra of two carbon films, deposited from the

same plasma on silicon wafers located on the grounded and powered

electrodes respectively, are shown in Fig. 4.7. The different

periodicities of the interference maxima and minima reflect the fact

that the film deposited at the powered electrode has a higher deposition

rate, as we pointed out in Section 3. Superimposed on these sinusiodal

variations, distinct absorption peaks are seen at slightly below

3000 cm- which are due to the C-H vibrational stretch modes, and

several peaks below 1500 cm- 1 due to CH2 and C-C stretching modes, C-H

bending modes, and strong peaks in the silicon wafer substrate that were

not completely subtracted out of the data. The data shown in Fig. 4.7

were taken several hours after deposition, on samples that were stored

in a dry nitrogen-flushed atmosphere until measurement. Exposure to air

introduces major changes in the infrared spectrum of the lightly

bombarded films, but no change in the heavily bombarded ones from the

biased electrode. The spectra of the same samples shown in Fig. 4.7

were re-measured after about 5 weeks exposure to air, and are shown in

Fig. 4.8. The largest bands acquired by the lightly bombarded sample

are at 1700cm - and 3400cm 1, and are attributed to carbonyl (C=O) and

water respectively. In both samples the C-H stretch mode frequencies

peak at about 2930 cm-1, characteristic of carbon which is mostly sp3

hybridized. This assignment is based on the invariance of bond group
28frequencies in different molecules, and deconvolution studies of the

C-H band in a-C:H films.2 9 Thus, the ion bombardment does not have a

major effect on the bond hybridization of the films, but it has a major

effect on the physical properties of the films, such as refractive

index, chemical stability, and hardness. To find out more about the way

ion bombardment affects the films, we investigated electron optics

techniques, as discussed in the next section.

16%
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4.3 Electron Optics
Transmission electron diffraction micrographs and diffraction

patterns of the heavily and lightly bombarded films are shown in Fig.

4.9. The lightly bombarded samples show a fine-grained microstructure

and diffuse diffraction patterns characteristic of amorphous materials,

while the heavily bombarded sample shows a dual phase structure of

microcrystals of about 50 in size imbedded in an amorphous matrix,

similar to the structure reported by Spencer et. al.30 with sharper

diffraction rings over a diffuse background. A closer examination of

the TEM of the heavily bombarded films is shown in Fig. 4.10. Dark

field photographs, which select only one orientation, reveal only a
fraction of the microcrystals, indication that they have a large

distribution of orientations, as implied by the ring diffraction

patterns. The positions of the sharp diffraction rings correspond to

those of diamond, and the easily recognizable ring from the graphite%

Nsliding plane" is absent.

4.4 Characterization Conclusions

The properties of the films deposited from methane and methane-

hydrogen plasmas are influenced by most of the available experimental

parameters: power, pressure, electrode geometry, and composition. The

effects of changing these parameters can be understood by considering

their influence on the plasma sheath potential, which controls the ion

bombardment of the growing film surfaces.

Combining our infrared and electron optics results, it is clear

that a major difference between the "hard carbon" that we deposit under

conditions of high ion bombardment, and the soft, chemically unstable

material produced in the absence of this bombardment, is the dual phase
structure of the former, consisting of microcrystals of diamond in an e

amorphous matrix. These differences are not obvious from the infrared

analysis of the C-H mode, which indicates similar bonding hybridization 6

for the two types of materials. It is reasonable to conclude that thea
infrared absorption technique mainly sees the amorphous matrix, and not
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the microcrystals, since the hydrogen content of the amorphous matrix

would be expected to be much higher than hydrogen impurities in the

crystalline diamond component. These results also lead us to suspect

that the UV-visible optical properties are also characteristic of the

amorphous matrix, rather than of the crystals. If the desirable

properties hard carbon films are mainly due to the microcrystalline

component, then there are avenues for improvements in these materials by

altering the composition, structure, and quantity of the amorphous

matrix which appears to be the cause of many of its undesirable

properties.

.51
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5. SURFACE STUDIES

5.1 Introduction

The study of the elementary steps and the chemical species

responsible for the surface chemical reactions at work in thin film CVD

and PYD deposition processes is in its infancy. At the present time the

CVD and PVD processes are controlled through knowledge gained by

practical experience rather than by understanding of well-established

surface chemical principles. This project has dealt with this issue by

attempting to simplify the situation at the substrate surface so that

individual elementary surface phenomena could be studied, one at a time.

The production of silicon carbide thin films from the interaction of

hydrocarbons with Si(IO0) is the particular chemical process selected

for study here, but the principles may apply to other chemical systems

as well, (i.e. Si3N4 films). We have developed research methods which

work well in ultrahigh vacuum for the study of the interaction of

hydrocarbon molecules with active sites on Si(100). It has been

discovered that the C=C bond in olefinic molecules is a strongly active
bond center for reaction with dangling bond sites on the Si(IO0)
surface. We have learned how to control the C=C reactive chemistry at

these dangling bond sites, either enhancing the reaction to produce SiC .

thin films or turning off the reaction. In addition, exploratory

studies of the effect of electron bombardment on SiC thin film

production have been made.

.4

5.2 Development of Experimental Methods

5.2.1 Vacuum System Design

It has been necessary to learn how to work with single crystals

of Si in ultrahigh vacuum in order to study carefully the surface

chemistry which occurs. Figure 5.1 shows a schematic picture of the ..

is
. ~ .. °.
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apparatus developed. A single crystal of Si is mounted on a manipulator

which can be positioned at any angle within the chamber. The crystal

temperature can be controlled from about 77 K to about 1500 K. An Auger %

spectrometer combined with the use of an ion gun for sputtering, and %

with controlled heating in vacuum, has been shown to produce clean

Si(100) surfaccs. Most experiments are performed at the position of the

quadrupole mass spectrometer (QMS). Here, four types of investigations

can be carried out:

1. Adsorption of gases from a molecular beam doser while monitoring

the reflected gas from the crystal surface as a function of time

(and coverage).

2. Thermal desorption of molecules from the surface upon heating

the crystal in a temperature-programmed fashion.

3. H atom capping (Si-H bond formation) of active sites on the
Si(100) surface using a hot filament to dissociate H2 (g) and to

deliver H atoms, line-of-sight, to the crystal surface.

4. Electron bombardment of the surface containing adsorbed species

followed by temperature programmed desorption to investigate the

chemical effect and cross section for surface species' damage.

5.2.2 Crystal Mounting

In order to carry out these experiments, we have devised a

unique crystal mounting scheme, shown in Figure 5.2, which permits the 1

surface chemistry of the crystal to be studied without interference from

hot metal heating leads. The Si(l00) crystal is slotted on three edges

with a diamond saw. In the two opposite slots, Ta internal spring

contacts are fabricated such that they contact the crystal with good a

ohmic and thermal contact by internal spring pressure. The third slot

also contains a Ta spring which has a thermocouple junction welded
.1

inside, again making good thermal contact with the crystal. The

assembly is mounted on a sapphire block electrical insulator which is

inserted in a well in a Cu block which is cooled to 77 K. This rather

elaborate procedure provides the following advantages:

1. Good ohmic and thermal contact.

19
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2. Isolation of the Si surface from line-of-sight exposure to hot

metal surfaces which could produce oxide film deposits.

Elimination of possible activation of organic molecules being

deposited from the molecular beam by hot metal surfaces.

5.2.3 Crystal Heating

Resistive heating of semiconductors is complicated by the

temperature-dependent decrease in resistivity of semiconducting

material. In the absence of current control at a critical temperature,

a runaway situation can develop, leading to destruction of the crystal. 4

For this reason, a feedback technique is needed, and a controller to do

this is shown in Figure 5.3. This device can be preset for a desired

limiting temperature, and is then used for annealing the crystal at its

high temperature limit.

For crystal temperature programming, we sometimes use radiative

heating from a lamp which is focused through a window onto the crystal.

Heating up to about 900 K may be achieved using f/1.32 optics and a

magnification of unity. Recently, a digital temperature controller has

been developed in our laboratory which can also be used to ohmically

heat the crystal, and we plan to publish this design soon, since precise

temperature ramping of semiconductors is an uncommon and desirable

laboratory capability.

5.2.4 Molecular Beam Methods

We employ a collimated molecular beam doser for two kinds of

experiments:

1. Study of the reflected flux of reactant molecules as adsorption

proceeds, yielding adsorption kinetics.

2. Precise and accurate dosing of the crystal with a known flux of

adsorbate molecules, prior to other experiments.

A schematic diagram of the molecular beam dosing apparatus is

shown in Figure 5.4. Here a micron orifice is used to limit the gas

flow rate through the doser which is directed at the single crystal. A

20
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1013 2
back pressure of one torr yields about 5 x 1013 molecules/cm sec at the

crystal surface. The flux is known and reproducible to about 3%. The

beam originating from the end of the doser is fairly well collimated by

a microchannel plate collimator array and therefore delivers a rather

uniform dose across the crystal.

As will be discussed later, we employ temperature programmed

desorption to characterize the kinetics of desorption of adsorbates from

the crystal surface. A multiplexed quadrupo]e mass spectrometer is

employed for this, and may be set to rapidly sample multiple masses

during the temperature programmed desorption process, and hence to

rapidly determine the chemical identity of all volatile products of the

surface reaction(s). An example of the desorption behavior of

propylene, C3H6, as a function of increasing exposure to propylene is

shown in Figure 5.5.

The use of temperature programmed desorption is combined in this

apparatus with Auger spectroscopy studies of the surface in order to

determine the behavior of carbon-containing species on the surface which

do not desorb. In order to do this, we utilize the Auger spectrometer, S

making duplicate measurements at various locations on the crystal

surface to improve the quality of the Auger data.

5.3 Chemical Reactivity of the C=C Bond on Si(100)

- 5.3.1 Introduction

There have been only a few studies of the interaction of organic

molecules with silicon in which definite patterns of chemical reactivity

have been characterized. At elevated temperatures such as those
employed in CVD processes, it is likely that a wide range of chemical

reaction steps occur together as the gas molecules crack down thermally

to fragment gas phase, and surface species. The unraveling of these

processes, in our view, begins with the study of the low activation

energy surface chemical processes which occur at low temperatures,

followed by a cautious and controlled advance into the high temperature N

regions. The determination of whether the C-C single bond, the C-H

single bond, or the C=C double bond is the active site for low

21
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activation energy surface chemistry was one of our first experimental
goals.

In order to understand the activity of the three selected

classes of chemical bonds involving C in organic molecules, three kinds

of experiments were performed:

1. A molecule containing the THREE types of C bonds was used as a

test molecule for interaction with Si(l00).

2. A similar molecule containing only TWO of the types of C bonds

was compared in surface reactivity.

3. A third molecule, containing only ONE type of chemical C bond

was compared in surface reactivity.

5.3.2 Experimental Results- Hydrocarbon Adsorption on Si(100)

-4Figure 5.6 shows the results of our adsorption kinetic and Auger

measurements comparing the three classes of C chemical bonds as

discussed briefly above. Here, the atomically clean Si crystal is

rotated into a molecular beam of the test gas, and the reflectivity of

the crystal for each molecule is determined as a function of gas

exposure. The first experimental plot shows that when Si(l00) at 120 K
is rotated into a beam of propylene, C3 H., containing C=C, C-C, and C-H

bonds, evidence for initial rapid gas uptake with a constant sticking

coefficient (estimated to be about 1) is observed. This initial fast

reaction region is immediately followed by a slower kinetic process

producing an asymptotic region in the mass spectrometer signal-versus-

time plot. Following adsorption, Auger spectroscopy indicates that C-

containing species are present, and that the Si Auger signal is

attenuated compared to the clean surface, as would be expected for an

adsorption process.

The second panel (Fig.5.6) shows a test of propane, C3H8 con-

N taining only C-C bonds and C-H bonds. NO REACTION IS OBSERVED. The

third panel tests methane, CH4, containing only C-H bonds. NO REACTION

IS OBSERVED.

eF
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Thus these experiments show that at low temperatures, it is only

the C=C functional group which possesses the ability to react with

surface valencies on Si(l0O). These results have recently been

confirmed using the ethylene molecule, C2H4, and will be reported soon.

In addition, we have recently found that the carbon-carbon triple bond,

present for example in acetylene, C2H2, is also active at low

temperatures for reaction with Si(I00), and these results are being

readied for publication.

Auxiliary studies of the influence on surface defect formation

(by ion bombardment) on inducing surface reactivity at low temperatures

with the unreactive molecules, propane and methane, have been negative.

However, a significant variation in the reactivity pattern of propylene

is observed upon sputter damage of the surface, as will be discussed

later.

5.3.3 Thermal Chemistry for Propylene on Si(100).

The liberation of propylene from the Si(IO0) surface upon

temperature programming of the crystal above 120 K is shown in Figure

5.5. ONLY A FRACTION OF THE PROPYLENE IS BONDED TO THE Si(l00) SURFACE

IN A FORM WHICH LIBERATES PROPYLENE UPON THERMAL DESORPTION. This is

shown in Figure 5.7 in which Auger spectroscopy is used to monitor the

C/Si ratio at the surface as a function of exposure to propylene. In

this measurement, the C/Si Auger ratio before and after propylene

* desorption is determined for all exposures of the surface to propylene.
AI

IT CAN BE SEEN THAT THROUGHOUT THE FULL COVERAGE RANGE OF PROPYLENE,

ABOUT 35% OF THE PROPYLENE DESORBS WHILE 65% REMAINS AS SURFACE C, WHICH .

ULTIMATELY DEGRADES TO SiC. These two channels for surface reactivity

' will be discussed later.

5.3.4 Effect of Surface Disordering on the Behavior of Si(100)
in its interaction with Propylene
The bombardment of Si(100) with 2 kV Ar ions has been found to

strongly influence the adsorption kinetics of the propylene reaction

with the surface, suggesting that the presence of active sites on the

23
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surface is of importance. As shown in Figure 5.8, the desorption

channel involving propylene is slowly attenuated as the extent of

surface damage is increased. Here the propylene desorption state

decreases in coverage monotonically as the surface damage by Ar ions

increases. The reduction in the capability of the surface, following

damage, to liberate C H is shown in Figure 5.9. It is observed that

little change in Si surface reactivity occurs for Ar ion fluences below

1012 ions/cm2 . However, with additional prebombardment, the propylene

desorption yield falls steadily to an asymptotic value near zero, which

isrechdwhn bot is/c 2
is reached when about 10 ions/cm have collided with the surface. On

the basis of these data, we have calculated the cross section per Ar ion

for the damage process leading to the attenuation of the propylene
desorption channel, obtaining a cross section, 0 = 2.7 x 10-15 2

These results indicate that disordering of the Si surface can

influence the course of a surface reaction rather profoundly, and that

the effect is rather local, since the remaining quantity of propylene

which desorbs is not perturbed significantly in its desorption kinetics

as evidenced by the constancy on the peak temperature in Figure 5.8.

5.3.5 Effect of Preadsorbed Hydrogen on the Reaction of Propylene with
Si(100)
Current evidence suggests that at low coverage, H adsorption on

Si(100) at room temperature initially produces a monohydride surface

species with a (2 x 1) LEED structure. At saturation coverage, a

disordered phase has been observed, with roughly half of the H bonded in

the monohydride phase and half in the dihydride phase.

We have studied the influence of hydrogen on Si surface

chemistry by exploring the effect of atomic hydrogen preadsorption on

the adsorption and thermal desorption of propylene from Si(l00). The

results indicate that preadsorption of H passivates the surface of Si

and suppresses the reaction with propylene. Varying preexposures of

atomic H were followed by addition of a constant dose of propylene. The

resulting thermal desorption curves for propylene are shown in Figure

5.10. Here it is seen that preexposure to atomic H causes a reduction 7'j

. . . .. .. . .. . - "
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in the propylene yield, accompanied by a broadening of the desorption

peak and a slight shift to higher temperature. Further studies of the

kinetics of adsorption of propylene on the H-precovered surface, using

the molecular beam method like that shown in Figure 5.6, indicate the

effect is caused by a reduction in the adsorptive capacity for
propylene.

5.3.6 Effect of Electron Bombardment on Propylene Adsorbed on
Si(100)
The effect of electron irradiation on the thermal desorption

behavior of propylene on Si(iO) is shown in Figure 5.11. Here, it is

seen that electron irradiation causes a decrease in the yield of

propylene produced by thermal desorption, but no change in desorption

kinetics occurs over the range of the effect. A plot of the yield of

propylene versus the electron fluence (electron energy = 20 eV) is shown

in Figure 5.12, and a monotonic decrease in the desorption of propylene

is seen to occur. A cross section for this process was estimated using

standard methods, and the cross section was found to be 4 x 10
- 18 cm2

for the process. Auxiliary studies using Auger spectroscopy have show

that propylene layers on Si(100) exhibit changes in Auger lineshape

during electron bombardment, showing that the electron irradiation is

not just desorbing propylene from the surface but is causing a

significant bonding change for the C atoms present on the surface.

.5.3.7 A Tentative Model of C=C Interaction with Si Sites on

Si(100)
It is well known from recent scanning tunneling microscopy

results that annealed Si(100) can contain approximately 20 % defect

sites as judged by the examination of surface topography. Let us

imagine that the defect sites are divided into two basic types:

Type A: Single Si-dangling bonds in the range of the C=C bond

in the test molecule, C H

Type AA: Double Si-dangling bonds in the same range.

CH 6 adsorption on a single dangling bond site (Type A) leads to

surface structure A while adsorption on site AA leads to structure AA.
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Upon adsorption at 130 K, either structure A or structure AA

forms, depending on the type of site encountered. Structure A will

exhibit a high activation energy for desorption of C3H6 as the Si-C bond

breaks to reform the C=C bond, which releases the propylene from the

surface in the high temperature desorption state shown in Figure 5.5,

where analysis of the desorption feature has yielded an activation

energy of 1.2 eV. In contrast, structure AA is so strongly bound to the

surface through two C-Si bonds that cracking of the molecule occurs upon

heating to produce surface fragments which eventually produce a SiC thin

film.

Thus in this tentative model, C36 adsorption samples only .. .

dangling bond sites of the two types.

If this model is correct, then three predictions can be made and

these can be compared to experimental results:

PREDICTION I: Ion bombardment will increase the number density

of double dangling bond sites (AA) at the expense of single dangling

bond sites. This should decrease the ability of the surface to desorb

molecular propylene. PREDICTION IS VERIFIED. "7K

PREDICTION II: Capping of dangling bond sites by atomic

hydrogen will decrease the reactivity of the Si surface, causing both

the propylene desorption channel and the SiC production channel to

become less significant. PREDICTION IS VERIFIED.

PREDICTION III: Electron bombardment of a propylene layer will

cause molecular fragmentation of the C3 species leading to attenuation

of the propylene desorption channel and to a change in C Auger

lineshape. PREDICTION IS VERIFIED.

.°s
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This simple picture which is consistent with our experimental

findings at the present stage of our experiments needs to be verified by

surface spectroscopic studies and such studies are planned for the

future.
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FIGURE CAPTIONS

3.1 Relation between process control variables, process

characteristics, and the fundamental physical and chemical
processes that control the process.

3.2 Schematic of the deposition apparatus, showing some of the
associated plasma diagnostics.

3.3 Relations between average negative bias of the powered electrode,
floating probe potential, and peak-to-peak plasma excitation
voltage as a function of power.

3.4 Experimental deposition electrodes, showing positions of
substrates.

3.5 Example of raw mass spectrometric data, taken downstream of the
plasma, as a function of power.

3.6 Dependence of species densities versus power.

3.7 Dependence of species densities versus flow rate.

3.8 Carbon deposition flux versus power at constant flow rate.

3.9 Carbon deposition flux versus flow rate at constant power. r.

3.10 Example of mass transport of carbon in the reactor at methane
flow of 30sccm, power 15W.

3.11 Typical waveforms of the 2MHz plasma excitation. Upper photo:
sinusiodal curve is voltage at 500V/cm, peaked curve is current
at lOOma/cm. Lower photo: instantaneous power at 1W/cm.

3.12 Photocurrent of detector measuring relative radiance (radiant
exitance) of the plasma as a function of position along the axis.
Lower, powered electrode at 32mm, upper electrode at 12mm.

3.13 Assumed E/n values (electric field to gas density ratio) versus
position at several times within the RF cycle.

3.14 Measured and predicted species densities versus time.

3.15 Dominant kinetic pathways and species in methane plasmas.

3.16 Species densities versus methane concentration in methane-
hydrogen plasmas, 30sccm, 15W.

3.17 Deposition rate versus methane concentration in methane-hydrogen
plasmas, 30sccm, 15W.
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3.18 Negative self bias voltage versus methane concentration in
methane-hydrogen plasmas, 30sccm, 15W.

3.19 Deposition rate versus gas residence time in methane-silane N

plasmas.

3.20 Measured and predicted species densities versus gas residence
time for hydrocarbons and hydrogen.

3.21 Measured and predicted species densities for silicon-containing
species versus residence time for several values of rate constant
for the atomic hydrogen-silane reaction.

4.1 Measured optical density versus wavelength for a hydrogenated
carbon film deposited from a methane plasma.

4.2 Tauc plot of the data of Fig. 4.1 with an extrapolation of the
straight part of the curve to estimate the optical gap.

4.3 Tauc plots for films deposited on the biased (powered) elecbrode
and the grounded electrode of a methane plasma.

4.4 Tauc plots, to be compared to Fig. 4.3, showing the influence of
plasma power on the optical gaps of the films.

4.5 Tauc plots, to be compared to Fig. 4.3, showing the influence of
pressure on the optical gaps of the films.

4.6 Tauc plots for films deposited from methane-hydrogen plasmas with
several different concentrations of methane.

4.7 Infrared spectra of samples from the grounded electrode (upper
trace) and biased electrode (lower trace) of a methane plasma.
Data taken prior to exposure of the films to air.

4.8 Infrared spectra of the films of Fig, 4.7 taken after five weeks
exposure to air, showing reaction of the film from the grcunded d
electrode.

4.9 TEM microphotos of films from the grounded electrode (left) and
the powered electrode (right) of a methane plasma. Respective
electron diffraction patterns are shown below the photos.

4.10 In the left column light and dark field TEM microphotos are shown
of a film from the biased electrode of a methane plasma. The
lower right photo shows the position in the diffraction pattern
that was selected to produce the dark field photo. Photos with
lower magnification are shown above the diffraction pattern.
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Figure 3.1 - Relation between process control variables, process
characteristics, and the fundamental physical and
chemical processes that control the process.
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Figure 3.3 - Relations between average negative bias of the
powered electrode, floating probe potential, and
peak-to-peak plasma excitation voltage as a function
of power.
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Figure 3.4 -Experimental deposition electrodes, showing
positions of substrates.
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Figure 3.7 -Dependence of species densities versus flow rate.
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Figure 3.12 -Photocurrent of detector measuring relative
radiance (radiant exitance) of the plasma as a
function of position along the axis. Lower, powered
electrode at 32mm, upper electrode at 12mm.
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Figure 3.14 -Measured and predicted species densities versus time.
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Figure 3.16 -Species densities versus methane concentration in
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Figure 4.3 - Tauc plots for films deposited on the biased
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methane plasma.
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Figure 4.4 -Tauc plots, to be compared to Fig. 4.3, showing the
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Hydrocarbon Adsorption on Si (100)

Annealed , Ordered Si (100)

-..-- Ion-Bombarded, Disordered Si(IO0)

Tods = 120K

Exposure - 6 x 1012 molecules/s

Dynamics Surface Elemental

of Composition after
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C/Si AES Peak Ratio vs. CH 6 Exposure
Before and After Thermal Desorption

Before Thermal Desorption

- - -After Thermal Desorption
to 630K
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Effect of Surface Disordering on

Thermal Desorption of C3H on Si (100)

II TI I

Prebombarding
Tads 130K Ar+ Ions

Moss 42
a - 0 Ar+/cm 2
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Effect of Surface Disordering on C3 H6
Thermal Desorption Peak Area
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Lttect of Preadsorbed Atomic Hydrogen on
Thermal Desorption of C H6 on Si (100) '.

Tads 130 K Pre exposure of
Atomic Hydrogen

Mass 42
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EFFECT OF ELECTRON IRRADIATION
ON THERMAL DESORPTION OF

C3 H6 ON Si (100)

Tads 130 K Electron Fluence to
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Effect of Electron Irradiation on C3 H6

Thermal Desorption Peak Area

Tads 130K
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